The American crocodile Crocodylus acutus is a threatened species that uses relatively deep, open-water habitats with low salinity. Adult female American crocodiles nest on sandy coastal beaches, islands or human-made berms, assist in the hatching process, and can travel long distances to nesting habitat. We satellite-tracked 15 adult female American crocodiles in 2 hydrologically distinct areas in Everglades National Park, Florida, USA, to quantify the home range sizes, test for intraspecific differences in home range and core area size and structure, and identify important crocodile high-use areas. Overall home ranges (95% kernel density estimate; KDE) for adult female crocodiles in South Florida ranged from 30.0 to 141.9 km 2 (mean ± SD, 84.4 ± 32.3 km 2 ), and core areas (50% KDE) ranged from 4.7 to 27.4 km 2 (17.8 ± 7.3 km 2 ). We identified patterns in home range and core area overlap, seasonally shifting patterns in core area use, and the Fox Lake complex as an important crocodile high-use area. As the population of American crocodiles continues to grow and expand into new areas, it is important for conservation managers to understand individual crocodile habitat-use patterns and spatial resource requirements.
INTRODUCTION
The American crocodile Crocodylus acutus is a large, upper trophic level predator that uses relatively deep, open-water habitats with low salinity (less than 15 ppt) that are protected from wind and wave activity (Kushlan & Mazzotti 1989a ). The range of the American crocodile includes coastal areas in northern South America, the Caribbean, Mexico, Central America, and southern Florida, USA, where it occurs from Vero Beach to Tampa Bay (Kushlan & Mazzotti 1989b) . In 1975, the American crocodile was listed as endangered by the US Fish and Wildlife Service (USFWS 1975) , and, due to an increase in number of individuals and nests (Mazzotti et al. 2007a) , was reclassified as threatened in 2007 (USFWS 2007) . In addition to the USFWS designa-tion, the International Union for Conservation of Nature lists the American crocodile as Vulnerable throughout its range, and in most range States the species is listed in Appendix I of the Convention on International Trade in Endangered Species of Wild Flora and Fauna. Much is known about the population biology and nesting ecology of American crocodiles, but limited information is available on their spatial ecology, beyond that obtained in earlier work carried out in Florida (Mazzotti 1983 , Kushlan & Mazzotti 1989a and Panama (Rodda 1984 , Balaguera-Reina et al. 2016 .
The identification of factors that influence size, location, and structure of home ranges has been the focus of studies across multiple taxa and is particularly important for species in need of conservation (Cooke 2008) . Determining critical conservation areas, including stopover locations for migratory wildlife, important nesting areas, or high-use foraging habitat, is important for developing effective management strategies. For nesting species, the distance between foraging and nesting habitats is an important determinant of how those species orient themselves in the landscape. Smith (1995) examined foraging behavior of wading birds in Florida and determined that the length of their flights during the nesting season was driven by the distance from foraging to nesting habitat. Similarly, Odum & Kuenzler (1955) reported that some birds decrease their home range size when foraging for nestlings as opposed to during the nest-building season, when their home range sizes are larger. Kay (2004) tracked saltwater crocodiles C. porosus and found that female crocodiles traveled considerable distances to their nesting sites. Hutton (1989) and Joanen & McNease (1970) found that Nile crocodile C. niloticus and American alligator Alligator mississippienesis females have smaller home ranges than males due to the proximity of nesting sites to foraging sites. Kushlan & Mazzotti (1989a) analyzed home range areas for American crocodiles in South Florida and reported that nesting females can have 2 separate activity areas. Additionally, Tucker et al. (1997) described nest site fidelity in adult female Australian freshwater crocodiles C. johnstoni.
Female American crocodiles excavate their nests, assist in the hatching process (Ogden & Singletary 1973) , and appear to reach sexual maturity at 2.25 m total length (Kushlan & Mazzotti 1989b) . They can travel long distances with the newly hatched crocodiles, but generally do not show the signs of prolonged parental care (Kushlan & Mazzotti 1989b) that are seen in other crocodilians (Cott 1971 , Kushlan & Kushlan 1980 . American crocodiles nest communally with some nests as close as 1 m from each other, and aggregations of adult females can be observed in proximity to each other during the nesting season (J. S. Beauchamp, University of Florida, pers. obs.). It has long been thought that American crocodiles rarely tolerate adult conspecifics of the same sex unless they are congregated at breeding sites or in captivity (Lang 1987) . During the nesting season, adult female American crocodiles can travel up to 35.5 km (Cherkiss et al. 2007) to nesting habitat that generally consists of sandy coastal beaches, islands or human-made berms, such as those created by dredging activities. Most of the nesting in the historic nesting area of northeastern Florida Bay (NFB) takes place on keys within the bay, on coastal beaches sometimes located at a considerable distance (10s of km) from foraging and nursery habitat, or on banks of creeks draining into Florida Bay (Mazzotti 1999) . At Cape Sable (CS), an area with a greatly increased contribution to nesting in the early 2000s (Mazzotti et al. 2007b) , nesting activity is mostly on berms created from the dredging of the East Cape and Homestead Canals and is adjacent to ideal foraging habitat, although there is considerable nesting along the coastal beaches of CS that is farther from known foraging habitat. Identifying how adult female crocodiles in South Florida occupy their space is important as crocodiles continue to recover and expand their range into unoccupied habitat. Moreover, identifying high-use areas that may be affected by ecosystem restoration will help managers and researchers to prioritize restoration projects.
The objectives of our research were to: (1) quantify home range sizes of adult female American crocodiles in South Florida, (2) identify important crocodile use areas in South Florida, and (3) test for intraspecific differences in home range and core area size and structure between 2 hydrologically distinct nesting areas (NFB and CS) . From what has been published on other nesting species and the nesting biology of American crocodiles, we a priori hypothesized that we would detect a seasonal (nesting vs. non-nesting) change in spatial use patterns of American crocodiles in South Florida. We predicted that crocodiles at CS will have a greater level of spatial sharing during the nesting season due to the known nesting aggregations, and crocodiles at NFB will have a greater shift in their home ranges due to the distance from nesting habitat to foraging habitat when they transition from nesting to non-nesting season.
MATERIALS AND METHODS

Study area
Everglades National Park (ENP) is a 1.5 million acre (approximately 607 000 ha) Wetland of International Importance, World Heritage Site, and International Bioreserve. We conducted this study at 2 sites within ENP (Fig. 1) , the historic crocodile nesting area of NFB, and the more recently discovered nesting area of CS. The hydrology of NFB is primarily driven by the Taylor Slough drainage. Vegetation in NFB is dominated by red mangrove Rhizophora mangle forest and scrub with interspersed black mangrove Avicennia germinans forests and hardwood hammocks. Egler (1952) described the herbaceous wetlands in NFB as dominated by spikerush Eleocharis cellulosa with some clumps of sawgrass Cladium jamaicense. These wetlands have all but vanished from coastal habitats of NFB due to the changes in hydrology (Lorenz & Serafy 2006) . Diverted freshwater flow and salinity patterns in NFB are currently the target of restoration (USACE & SFWMD 2011) . Lack of fresh water in NFB has been correlated with lower growth and survival of crocodiles (Mazzotti & Cherkiss 2003 , Mazzotti et al. 2007a .
At CS, the hydrology is more influenced by the tide and rainfall compared with NFB. Salinities are consistently close to those found in sea water (approximately 30 ppt) along the coast, but may be fresher inland near the Fox Lakes complex. Black mangroves dominate the forest structure with red mangroves becoming more prevalent inland, especially surrounding lakes and ponds. Additionally, CS has an expanse of mud banks that become more exposed at low tide, as well as salt-tolerant herbaceous species interspersed between the mud banks and mangrove forests (Roberts et al. 1977) . The human-made canals in CS were dredged through a marl ridge from the coastline into the freshwater interior for navigation as well as land for agriculture and cattle grazing. The canals triggered substantial change by altering salinity, increasing sediment deposition, and increasing erosion across the landscape (United States National Park Service 2008). The East Cape and Homestead Canals were plugged by the US National Park Service and US Army Corps of Engineers in 1986, 1990, and more recently in 2011 to retain fresh water in interior marshes and prevent saltwater intrusion (Mazzotti et al. 2007a,b ). An increase in crocodile nesting coincided with the initial plugging of the canal in 1986 (Mazzotti et al. 2007a,b) . 
Live capture and handling
We captured all crocodiles using self-locking snares (Thompson Snares), working from both motorboats and land. We marked each crocodile with a distinct scute clip pattern using established protocols (Mazzotti 1983 , Mazzotti & Cherkiss 2003 and measured head length, snout−vent length, total length, and tail girth to the nearest mm, and mass to the nearest kg. After taking morphometric measurements, we attached a satellite transmitter (Wildlife Computers, SPOT5, 0.5 W, 70 mm long, 41 mm wide, 27 mm high, 110 g) and a VHF radio-transmitter (Holohil, model SI-2, 40 mm long, 11 mm diameter, 13 g) to each crocodile. The VHF transmitter was attached to locate animals if their satellite transmitter stopped transmitting. Attachment protocols followed Brien et al. (2010) with slight modifications to the equipment (needle and wire sizes) to account for the smaller size of American crocodiles. During the hatching season (end of June to September 15), we only attached transmitters on females known to have hatched their nest. Since adult female American crocodiles excavate their nests, assist hatchlings as they emerge from their shells, and remove hatchling crocodiles from a nest, we waited to capture the nesting females to ensure that this research did not result in crocodiles abandoning their nests (Kushlan & Mazzotti 1989a) . We programmed satellite transmitters to transmit every hour for the length of their deployment, and locations were determined by the Argos system which gives an accuracy location class (LC) to each position. Location class accuracies are designated as follows with error accuracy in parenthesis: LC3 (< 250 m), LC2 (250 to 500 m), LC1 (500 to 1500 m), LC0 (>1500 m), LCA (unknown), LCB (unknown), LCZ (failed). Since 2011, Argos locations have been Kalman-filtered as opposed to least-squares filtered. This significantly improves the location accuracy (Lopez & Malarde 2011) . For this study, we used LC3 to LC1 for home range and core area analysis.
Analysis
We performed all statistical analyses in R (R Core Team 2013) and determined statistical significance at α = 0.05. To determine home range size, we used fixed kernel density estimates (KDE) to put less emphasis on peripheral locations and eliminate areas that crocodiles may travel through only briefly (Worton 1989 ). This method allows for a more accurate representation of home range and core area because American croc-odiles are known to travel long distances to nesting sites. We also selected KDE to compare current home ranges to those reported in previously published literature. To minimize spatial autocorrelation, we calculated a mean daily location for each crocodile in R, when more than 1 signal was acquired by the Argos system, and then we used R and the package 'ade-habitatHR' with the reference ('href') smoothing parameter (Calenge 2015) to create KDEs. We used 50% and 95% isopleths to depict core areas (50% KDE) and overall home ranges (95% KDE) of the telemetered crocodiles (following Worton 1989) .
To determine intraspecific differences in seasonal habitat use within home ranges and core areas, we calculated KDEs (both 50 and 95%) during the nesting (March 15 to September 15) and non-nesting (September 16 to March 14) seasons (Kushlan & Mazzotti 1989b) using 'adehabitatHR' and calculated the centroid of each core area using 'rgeos' (Bivend et al. 2017 ) in R. We measured the distance between the nesting season centroid and non-nesting season centroid to determine if there was a seasonal shift in core areas. Additionally, we created a 500 × 500 m grid across the study sites in ArcGIS (Environmental Systems Research Institute 2011) and calculated the number of crocodile-tracking days in each grid cell using LC3 locations to show areas of concentrated use; the spatial error of LC3 is less than the 500 m grid cell size. As a proxy for 'territoriality' and to determine the level of shared use, we used 'adehabi-tatHR' to calculate the percent overlap (95 and 50) of each crocodile's KDE and calculated the utilization distribution overlap index (UDOI; Fieberg & Kochanny 2005) . We then used a linear mixed effects model in R using 'lme4' (Bates et al. 2013) and 'lmerTest' (Kuznetsova et al. 2017) to test the effects of size (total length), fixes (number of daily locations), season (nesting vs. non-nesting) and the nested interaction between season and location on both the home range (LMMhr) and core area (LMMca) sizes. We excluded weight and length of transmitting time because they were highly correlated to total length and number of daily locations. We selected the individual crocodile as the random effect to help account for individual variation in the dataset.
RESULTS
Home ranges and core-use areas
We deployed satellite tags on 15 adult female crocodiles, 8 in CS and 7 in NFB, with satellite data col-lected from December 2010 to May 2013. Crocodiles ranged in total length from 235.8 to 303.5 cm (Table 1) . Satellite-tracking periods ranged from 3 d to over 406 d (mean ± SD, 196 ± 104 d). It is unclear why 1 transmitter lasted only 3 d at CS, although we observed a crocodile at NFB whose transmitter lasted 58 d with a missing antenna. Transmitters that were attached after this observation were reinforced at the base of the antenna at the factory, thereby minimizing additional losses due to antenna failure. The crocodile whose tracking time only lasted 3 d is not included in the analysis. All re maining crocodiles had more than 20 daily fixes (most with multiple high-quality locations per day). Two crocodiles in NFB only received fixes during the nesting season.
Overall home ranges (95% KDE) for adult female crocodiles in South Florida ranged from 30.0 to 141.9 km 2 (84.4 ± 32.3 km 2 ), and core areas (50% KDE) ranged from 4.7 to 27.4 km 2 (17.8 ± 7.3 km 2 ), with variation by season (Table 2 ). Re sults from both the LMMhr and LMMca showed no significant effect of total length, number of daily locations, season or differences between the nesting season at CS and NFB on home range and core area sizes (Table 2 ). There were significant differ-ences be tween non-nesting season home range (p = 0.01) and core area (p = 0.02) sizes between CS and NFB: crocodiles at NFB had significantly smaller nonnesting sizes (Table 2) . One female (#5631) tagged at CS moved to the Fox Lake complex before the start of the nesting season and remained in that area throughout the nesting season. This site is approxi- mately 7 km from any known nesting areas and we postulate this female did not nest during the tracking period. Another female at NFB (#481) hatched her nest in mid-July and was subsequently captured and tagged. She then moved to an inland area, approximately 9 km from her nest, and remained there until she moved back to the exact same nesting location (within less than 1 m) the following March where she successfully hatched another nest.
Shifting core areas and shared use
The mean distance between the centroids of an individual crocodile's core area during the nesting and non-nesting season was 2.7 ± 1.4 km and 3.1 ± 3.3 km for NFB and CS, respectively. Although not significant (W = 14, p = 0.64, Wilcoxon), there was considerable variability in the mean distance between seasonal centroids. Crocodiles at NFB shifted their core area at least 0.7 km and the largest shift was 4.0 km. Crocodiles at CS either shifted a considerable distance (9.4, 5.1, and 3.7 km) or barely shifted at all (0.4, 0.7, 1.7, and 0.3 km). Two crocodiles at CS that shifted their core areas a large distance likely nested along the western coast of Florida, a considerable distance from the capture location and presumed foraging area. The third crocodile moved farther inland to the Fox Lake complex and likely did not nest. The 3 crocodiles that did not have a large shift in core area nested near presumed foraging habitat.
There was extensive overlap in home range, core area, and UDOI at CS (Fig. 2) . Each satellite-marked crocodile at CS shared its core area with at least 1 other satellite-marked crocodile, and 4 of the 7 shared their core area with 5 other crocodiles (Fig. 1) . All crocodiles captured at CS that were tracked during the same time period shared their core area with at least 1 other crocodile; only 3 of the 6 crocodiles captured at NFB that were tracked during the same time period shared a small portion of their core area with another crocodile. Crocodiles at CS had significantly more overlap in all 3 metrics (home range, core area, and UDOI) in all 3 time intervals (nesting, non-nesting, and overall) than crocodiles at NFB except for nesting season home range (W = 35, p = 0.21, Wilcoxon). Additionally, crocodiles at CS significantly increased their home range (W = 6, p = 0.02, Wilcoxon) and UDOI (W = 0, p = 0.00, Wilcoxon) overlap during the non-nesting season, but not their core area overlap (W = 11, p = 0.10, Wilcoxon). The crocodiles at NFB did not have a significant seasonal change (W = 19, p = 0.88) in their overlap patterns. 
DISCUSSION
We provide the first estimates of home range size and patterns of habitat use for adult female American crocodiles using satellite telemetry, and show intraspecific variation between individuals using 2 hydrologically different nesting areas. Compared with previously reported home range estimates for American crocodiles, the results of our study reveal much larger areas of spatial use. The use of satellite tags (this study) versus VHF radio tags may have allowed for detection of larger home ranges. For example, Kushlan & Mazzotti (1989a) reported an average home range size of 107 ha (approximately 1.1 km 2 ) for 5 crocodiles in South Florida using VHF transmitters. Coastal habitats in South Florida (both studies) are dominated by dense mangroves which make access and navigation by boat and foot difficult. The ability of satellite transmitters to continue to receive signals in areas inaccessible or otherwise impossible to track on the ground likely resulted in the larger home ranges reported in this study. Recent work in Panama by Balaguera-Reina et al. (2016) estimated home range sizes for American crocodiles but we are hesitant to make any statistical comparisons because they reported the mean ± SD for all individuals, and then pooled individuals within each size class and sex; our research shows crocodiles can have considerable intraspecific variability in their home range and core area sizes.
Other than saltwater crocodiles and American alligators, limited data are available to make spatial use comparisons with other adult female crocodilians. For alligators, Joanen & McNease (1970) , Goodwin & Marion (1979) , Rootes & Chabreck (1993) , Taylor (1984) , Morea et al. (2000) , and Fujisaki et al. (2014) all reported markedly smaller home range sizes across a number of habitats than the present study, but this was expected because female alligators tend to move more during the spring breeding season, and limit their movements during the summer nesting and hatching season, as well as the winter season when they typically find a den to avoid cold temperatures (Chabreck 1965 , Joanen & McNease 1970 , Goodwin & Marion 1979 . Home range values for adult female saltwater crocodiles are variable. Brien et al. (2008) reported smaller home ranges than the present study at a seasonally isolated water hole in northern Queensland, Australia. Kay (2004) and Campbell et al. (2013) reported smaller home range values than the present study for saltwater crocodiles in riverine systems in Australia, and used a linear approach in their home range analysis. American crocodiles in Florida are not as restricted in their movements as saltwater crocodiles in Australia that occupy riverine or isolated water holes, so it is not surprising that home ranges reported in the present study are larger.
There was considerable intraspecific variation in home range, core area, and UDOI overlap between the 2 nesting areas (CS and NFB). Both Kay (2004) and Campbell et al. (2013) showed that adult male saltwater crocodiles can have overlapping home ranges in a riverine system, whereas Brien et al. (2008) found overlap in adult males, but very little overlap in adult female saltwater crocodiles in an inland pond during the dry season. Kushlan & Mazzotti (1989a) described shared use between crocodiles in Florida, and our results corroborate those findings. However, we found very little overlap at NFB. This pattern of habitat use was different at CS where there was extensive overlap in home ranges, core areas, and UDOI (Fig. 2) . All crocodiles at CS were captured and tagged at East Cape, whereas in NFB we captured crocodiles across the study site at each crocodile's nest location. It was difficult to target adult female crocodiles in NFB during the non-nesting season when they are generally away from habitat accessible by motorboat. This pattern of core area overlap is not likely due to where we captured the crocodiles or timing of transmitter deployment. Three crocodiles in NFB nested within 3 km of each other and shared very little nesting season core area overlap, and 2 other crocodiles in NFB nested within a few hundred meters of each other and did not share any nesting season overlap. Additionally, 2 of the areas where overlap occurred at CS were approximately 8 km from the capture locations. Notably, each of the 7 crocodiles that were tagged in CS made trips to the Fox Lake complex with repeated and sometimes extended stays; approximately 23% of all locations at CS occurred within or near the Fox Lake complex (Fig. 3) . This area is known to have large numbers of adult crocodiles (J. S. Beauchamp pers. obs.), particularly during the winter just before onset of nesting (i.e. January). Additionally, all 5 of the crocodiles at CS that shared temporal overlap all shared a large proportion of their core areas and only 3 of the 6 that shared temporal overlap at NFB shared a small portion of their core areas.
One potential explanation that may explain the overlap observed in this study is the result of a simple restoration project at CS. Mazzotti et al. (2007a,b) hypothesized that an increase in nesting at CS was due to plugging of canals to retain fresh water in interior water bodies and to prevent salt water intru-sion. Additionally, Mazzotti et al. (2009) hypothesized that lower salinities in the CS interior due to plugging canals also improved growth and survival of crocodiles, leading to an increase in their relative density at CS. In addition to the lower salinities, the Fox Lake complex could also provide enhanced mating opportunities and a plentiful food source that make crocodiles more tolerant of one another. The improved food resources from low salinities and higher density of crocodiles are probably why we have both larger non-nesting season home ranges and more overlap at CS. Understanding why this area can support the amount of spatial sharing by adult female crocodiles will be important for managing this threatened species.
Initially, we predicted that crocodiles at NFB would have a greater shift between their nesting and nonnesting season home ranges and core areas due to most of the nesting in NFB occurring farther from foraging habitat than nesting at CS. This pattern did emerge, but some of the CS crocodiles either did not nest or nested along the western coast of Florida, which is a considerable distance from preferred foraging habitat. Additionally, frequent or extended trips to the Fox Lake complex by the CS crocodiles was an important finding and these trips most likely influenced the shifting core area use pattern at CS.
The results of this study demonstrate that adult female American crocodiles can be tolerant of conspecifics given enough habitat and resources. As the large and ambitious effort to restore hydrologic patterns in the Greater Everglades to near historic flows continues, understanding how those landscape changes may affect animals, particularly upper trophic level species, is critical. Previous work by Mazzotti (1999) and Mazzotti et al. (2009) showed that Ameri- can crocodiles have altered vital rates (i.e. growth, survival, and nesting) in response to changing hydrology. If freshwater flows increase into the South Florida estuary through restoration efforts, historic food webs may respond and create increased foraging opportunities for crocodiles. We expect to see not only an increase in numbers, growth, survival, and nesting of crocodiles, but also an increase in shared spatial use patterns in NFB as a result of current restoration projects such as the C-111 Canal West Spreader Project (USACE & SFWMD 2011). Lorenz & Serafy (2006) reported that fish populations in the South Florida estuary decrease during times of increased salinity, and if restoration stalls or climate change increases salinity levels in the Everglades estuary, we expect crocodiles to continue to have limited spatial overlap with the corresponding decrease in prey (i.e. fish).
Implications
As the population of American crocodiles continues to grow and expand into new areas it is important to know how much and what kind of habitat is needed to sustain a healthy population. American crocodiles are known to move long distances to nest sites (Cherkiss et al. 2007 ) and nuisance crocodiles have been recorded making long distance movements after relocation. For example, a male American crocodile was released in Naples, FL, and recaptured in Miami, FL, a distance of approximately 344 km . The results of our tracking work show that adult female American crocodiles have large home ranges that most likely include a suite of habitats. Previous work by Rosenblatt & Heithaus (2011) on American alligators in South Florida showed the importance of highly mobile top predators to dispersal of nutrients across the landscape and creation of habitat linkages. The crocodiles tracked in this study may be creating the same linkages across the South Florida ecosystem by having large home ranges. Additionally, we identified 2 intraspecific spatial patterns-shifting seasonal core areas and spatial overlap-that will allow American crocodiles greater flexibility as habitats change or their range continues to expand into unoccupied habitat.
Most of the differences identified in home range size and movement patterns for crocodilians have been attributed to sex and size. Crespo et al. (2015) re ported that juvenile American crocodiles in Florida can move more than 69 km between capture events. Understanding how male and non-adult American crocodiles are moving and using space within the landscape would enhance our understanding of the spatial habitat use patterns and extent of this species. Notably, none of the females tagged in this study moved between the 2 study sites. Adult male American crocodiles may have larger home ranges, as identified in other crocodilians (Tucker et al. 1997 , Morea et al. 2000 , Kay 2004 , Brien et al. 2008 , Wang et al. 2011 , that could possibly link these 2 geographic areas. The increase in observations of crocodiles in urban areas (L. Horde, Florida Fish and Wildlife Conservation Commission, pers. comm.) also increases the potential for human-crocodile interactions. Additional satellite-or GPS-tracking of crocodiles with quantification of home range and core areas and their overlap would be beneficial for managers charged with designing strategies to protect both humans and crocodiles in these urban areas. This research also shows the importance of the Fox Lake complex to crocodiles in South Florida, and management actions intended to sustain that habitat could likely be beneficial to crocodiles. Additional research on movement modelling and how American crocodiles re spond to environmental changes either from climate change or restoration efforts could allow researchers and managers to better understand the environmental parameters that influence and shape movement patterns.
